The efficiency of in vivo correction of five "mismatch analogues", incorporated into M13mp9 DNA, was studied in an attempt to elucidate the structural determinants required for mismatch recognition by the repair machinery of E. coli.
INTRODUCTION.
Replication and recombination events can lead to the introduction of mismatched base-pairs into duplex DNA. The heteroduplex region of recombination intermediates can contain all possible mismatch combinations (1, 2) . By contrast, errors introduced into replicating DNA by the infidelity of DNA polymerase are generally mismatches of the purine/pyrimidine type, the G/T base-pair being the most common (3) . The preservation of genetic information encoded in the replicating DNA or in the region undergoing recombination is dependent on an efficient mismatch repair machinery.
Two important factors required for efficient mismatch correction are strand discrimination and mismatch recognition. Evidence obtained from recent studies in E. coli (4) (5) (6) revealed the existence of a methylation-directed strand discrimination mechanism, in which deoxyadenosine methylase, the product of the dam gene, modifies adenines within the sequence GATC at the N-6 exo-amino group. The methylation lags behind DNA replication for a period long enough for mismatch repair to take place, the correction being directed to the newly-synthesized unmethylated strand. In a series of in vitro complementation experiments using cell extracts from a variety of E. coli strains, Lu et al (5) have demonstrated the involvement of nmi H, L, S, uvr D and &s_b_ loci in the methyl-directed mismatch correction pathway. Other workers reported that the same system is also capable of repairing frameshift mutations (7, 8) . Mismatches in DNA in which both strands are methylated were shown to go largely unrepaired. In fully unmethylated DNA, efficient mismatch correction takes place, albeit without strand discrimination (4).
The efficiency of repair of the eight possible mismatch combinations was shown to vary quite considerably (4, 8) , reflecting presumably the differences in their respective structures. In an attempt to elucidate some of the structural determinants required for efficient mismatch recognition and correction, we decided to investigate the efficiency of repair of several "mismatch analogues" of the purine/pyrimidine type from M13mp9 DNA in E. coli. Purine nucleoside analogues inosine (I), 7-deazainosine (DI), tubercidin (Tu), nebularine (N) and 7-deazanebularine (DN) (ref. 9 , Fig.1 ) were incorporated into synthetic 16-mer oligonucleotides and used to generate "mismatch analogues" in duplex M13mp9 and its opal mutant M13mp9/op7. Following transfection /reinfection into repair-proficient (JM 101) or repair-deficient (BMH 71/18 mutS) host, the efficiency and direction of repair was determined from the yields of progeny phage carrying the mutant jSgalactosidase phenotype (4) . The results of our experiments are reported below.
MATERIALS AHD METHODS.
The bacteriophage M13mp9 and the E. coli strain K12 JM 101 were purchased from Amersham International Inc. The strain BMH 71/18 mili. S was a generous gift of H.-J. Fritz. The enzymes and the nucleoside triphosphates used in this study were purchased from Boehringer Mannheim.
Preparation of gapped-duplex gd-DNA: M13mp9 RF was digested with B_amHI and PstI and purified by isopropanol precipitation. This linearized DNA (0.6pmole) and M13mp9/op7 single-stranded DNA Opmole) were suspended in gap-buffer (4x gap-buffer is 50mM Tris pH 8.0, 750mM KC1) in a total volume of 100ul and the mixture was heated at 100°C (5 min.), followed by 65°C (10 min). The products were separated by low-melting agarose gel electrophoresis (0.8%), the band containing the gapped-duplex DNA (gd.-T) was cut out and the DNA was recovered by the phenol extraction method (10) . Preparation of nicked-duplex DNA: M13mp9 and M13mp9/op7 RFs were digested with lall, denatured, and annealed with M13mp9/op7 and M13mp9 phage DNA, respectively, to give the nicked-duplexes nd_ G/T and nd. A/C. The experimental conditions were as described for the gapped duplex preparation above.
01jgonucleotide synthesis: The preparation of the nucleoside analogues and of the oligonucleotides is described in the preceeding paper (9) .
Primer extension oligonucleotide-directed mutaqenesis:These experiments were carried out following the procedure of Smith and Zoller (11): The oligonucleotide primers "G", "I" and "DI" were annealed to the single-stranded M13mp9/op7 DNA and extended with DNA polymerase I (Klenow fragment) as described (11) . Similarly, the oligonucleotides "A", "Tu", "N" and "DN" were used to prime the in vitro synthesis of the mismatched duplexes arising from M13mp9. After the primer extension/ligation reaction, the samples were subjected to S1 nuclease treatment. The reaction mixture was added to 1 8 9 U 1 of S1 buffer (30mM sodium acetate, pH 4.3, 4.5mM zinc chloride, 0.28M sodium chloride), and S1 nuclease was added (1 unit of enzyme for each microgram of DNA). The reaction mixture was incubated for 15 min. at room temperature. The enzyme action was stopped by the addition of 525ul of 0.1M Tris, pH 7.9, and the mixture was thoroughly extracted with phenol, followed by ether. The residual ether was removed under vacuo, and the aqueous fraction was dialyzed against TE buffer (10mM Tris pH 8, 0.1mM EDTA) overnight. 1-10ul of the dialyzed sample were used for the transfection experiments.
Gapped-duplex mutagenesis: The kinased oligonucleotides n G n , "I"
and "DI" (5pmole, Fig.1 ) were annealed to the gd_-T gapped duplex M13 DNA (0.5pmole) in annealing buffer (10mM Tris, pH 7.5, 10mM MgCl 2 ) (80°C, 10 min., 20°C, 20 min.) in a total volume of 5ul. 2ul of water, 1ul of 10mM ATP, 1ul of 10x ligase buffer (20mM Tris pH 7.5, 10mM MgCl 2 , 0.1mM DTT) and 1ul of T4 DNA ligase (5U/ul) were added and the mixture was kept at 15°C for 2-3hrs. A fraction of this mixture was used for the transfection/ reinfection experiments. In vitro methvlation: Half of the reaction mixture from the above experiment was treated with dam methylase (30 units, New England Biolabs) in methylase buffer (10x methylase buffer is 50mM Tris pH 7.5, 10mM EDTA, 5mM 2-mercaptoethanol, 32mM S-adenosylmethionine) for 1 hr at room temperature, followed by heatinactivation at 65°C (20 min.).
Transfections/reinfections: The procedure described by Kramer et (12) was followed.
RESULTS AND DISCUSSION.
The seventh codon of the polylinker insert of M13mp9 ( ing the differences between the mutant yields from the transfection and from the reinfection experiments. In the transfection assay, the yield of pure blue bursts, resulting from efficient pre-replicative repair, is apparently increased by the presence of mixed phage bursts, which arise from unrepaired mismatches. By contrast, the reinfection assay, which uses progeny phage for host infection, gives rise to pure phage bursts only. Thus, badly-repaired mismatches show large differences between the two assays, while well-repaired mismatches yield similar amounts of mutant phenotype in both assays.
The results of the primer extension mutagenesis experiments (Scheme 1) are shown in Table 1 . As the in vitro-svnthesized M13 complementary (-)strand is fully unmethylated, mismatch repair in the resulting hemimethylated duplex was expected to be directed to this strand. This was indeed found to be the case. The G/T mismatch gave rise (after reinfection) to 9% of mutants. The small differences between the mutant marker yields of the transfection and the reinfection experiments suggest that this mismatch was repaired prior to the onset of DNA replication. The transfection/reinfection of the repair-deficient strain BMH 71/18 HUifS with the same primer extension mixture gave rise to 61% of mutant plaques after reinfection, emphasizing thus the efficiency of the methylation-directed mismatch repair pathway of JM 101. I/T mismatches can arise in resting DNA as a result of adenine deamination. Karran and Lindahl (13) have isolated an L . coli enzyme, hypoxanthine DNA glycosylase, capable of initiating the repair of these mismatches by removing the hypoxanthine base through cleavage of the glycosidic bond. To our knowledge, no L. C_QH strain lacking this activity has been characterized to date. As shown in Table 1 , the I/T mismatch was repaired even more efficiently than its G/T analogue. The low mutant yields obtained upon reinfection of the repair-deficient mutant BMH 71/18 mui.S with the I/T duplex (as compared to the G/T) are in themselves the best evidence for the involvement of a repair pathway other than the methylation-directed mismatch correction. However, as the mutant marker yields resulting from the reinfection of BMH 71/18 mulS were higher than those from JM 101, it seems likely that this mismatch is also recognized and, to a small extent, repaired by the methylation-directed complex.
The substitution of a nitrogen atom of a purine for a methine (CH) group, as in the case of DI, leads to a strong destabilization of the DI/T base-pair as compared to either G/T or I/T (9). This destabilization, together with the absence of a potential hydrogen-bonding site and/or the introduction of a proton into the major-groove, resulted in the mismatch being left largely uncorrected by the mismatch repair system. The comparison of JM 101 and BMH 71/i8_mu£S reinfection experiments (Table 1) indicated that only a limited amount of repair took place.
The in vivo repair of A/C-type mismatches followed a pattern similar to the G/T analogues. In this case, however, the A/C mismatch was corrected less efficiently than G/T. The mismatches Tu/C, N/C and DN/C were left uncorrected by the methylationdependent mismatch repair pathway, as shown by the similar mutant yields obtained from JM 101 and mutS reinfection experiments.
In order to demonstrate that the repair of the G/T and A/C mismatches was indeed carried out by the methylation-directed mismatch repair machinery, we constructed the nicked-duplex molecules nji-G/T and nd.-A/C (see Methods), in which both the DNA strands were fully methylated. The mutant marker yields obtained from the reinfections of JM 101 and BMH 71/18 mjitS strains (Table  2) were similar, suggesting that neither mismatch was repaired from the fully-methylated nd. substrate.
The synthetic oligonucleotides used in the primer extension experiments carry an unmethylated dam-site. Thus, following the ligation of these sequences into gapped-duplex molecules (see Methods), a vector could be constructed, which contains five fully-methylated dam-sites, and a single GATC palindrome, seven base-pairs upstream from the mismatch, which is hemimethylated. This substrate would allow us to investigate the influence of this single hemimethylated d_am-site on the efficiency of repair of the mismatches. Three such gapped-duplex constructs were prepared (gji-G/T, gd.-1/T and gd.-DI/T), and transfected into both, the repair-proficient, and the repair-deficient hosts.
The reinfection of JM 101 with gd.-G/T gave rise to 50% of mutant plaques (Table 2 ) , a yield considerably higher than that obtained from the primer extension experiments (Table 1 ) . This observed difference in mutant marker yields between the two experiments could be brought about by two separate factors. It is conceivable that a certain amount of the primer molecules could be displaced by the DNA polymerase during the in vitro primer extension reaction. The extent of this displacement could be determined from transfection/reinfection experiments of the repairdeficient strain BMH 71/18 muts. Transfection of this strain with covalently-closed circular duplex DNA containing a single G/T Table 2 ) . By contrast, the primer-extended duplex G/T yielded only 64% of mutant plaques after reinfection, suggesting that some strand displacement did indeed take place, albeit not to an extent which could alone account for the differences between the mutant marker yields of the two methods (9 and 50% resp.).
The reason for this difference lies most likely in the methylation pattern of the two substrates. In the former, primer extension duplex, the in vitro-svnthesized complementary strand is fully-unmethylated (Scheme 1 ) . By contrast, the gd.-G/T construct contains only a single hemimethylated GATC site (Scheme 2 ) , which may not be able to direct the mismatch repair as efficiently as the six hemimethylated sites of the primer extension substrate. However, despite its reduced efficiency, the repair of the G/T mismatch from the gd.-G/T duplex was carried out under methylation direction; the in vitro methylation of the sole remaining hemimethylated GATC sequence by d_am methylase had the effect of increasing the mutant marker yields from 50 to 74%. As can be seen from Table 2 , the mutant yields obtained from the transfection of this in vitro -methylated mismatched duplex and the fully-methylated nd_-G/T (74 and 69%, respectively) were Scheme 1 : Primer extension mutayenesis of M13mp9 with oligonucleotides "A", "Tu", "N", "DN", and of M13mp9/op7 using oligonucleotides "G", "I" and "DI" similar, the small difference between the yields being probably due to incomplete in vivo methylation of the nd_-G/T construct (4) . These results unambiguously demonstrated that even the presence of a single hemimethylated site in mismatched DNA is sufficient to direct the repair to the unmethylated strand.
The gd-I/T substrate was repaired with efficiency similar to that obtained from the primer extension experiments, exhibiting no methylation-specific effect ( Table 2 ) .
The gd.-DI/T duplex was again unrepaired, exhibiting little mutant yield variation between the two E. coli strains, as well as between the fully-and hemimethylated substrates ( Table 2 ) .
It is interesting to speculate on the mechanism of mismatch recognition. Werntges et al. (14) have recently shown that the efficiency of mismatch repair can be closely correlated with structure types (i.e. "wobble", "weak" or open"). Mismatches of the "wobble" type, i.e. those forming rigid, hydrogen-bonded structures, were found to be repaired most efficiently. This agrees with our findings. The efficiency of in vivo repair decreased in the order I/T > G/T > A/C >> DI/T > Tu/C=N/C=DN/C, which correlates with the relative stabilities of the respective mismatches ( 9 ) . I/T (repaired mainly by the hypoxanthine glycosylase) and G/T mismatches, stabilized by two hydrogen bonds (9, 15, 16) , generate a rigid, albeit small distortion in the DNA helix. The structure of this distortion is then presumably recognized by the repair enzyme complex.
The A/C mismatch was recently shown to possess a structure similar to G/T (17), stabilized by two H-bonds. However, the proposed protonation of the N-1 position of the purine ring, required for the formation of one of these bonds, is unlikely to take place at physiological pH. Our recent results (9) , and those of Werntges (14) suggest that the A/C mismatch is stabilized by a single H-bond, giving rise to a structure less rigid than the G/T base-pair, which may be less efficiently recognized by the mismatch repair enzyme-complex.
The DI/T mismatch, probably also stabilized by a single Hbond (9) , contains in addition a major-groove modification, which may affect the ability of the DI base to be displaced into the minor groove (15, 16) in the mismatch. The recognition of this structure by the mismatch repair machinery of E.coli would thus be expected to be low.
The mismatches Tu/C, N/C and DN/C probably form no H-bonds in their respective base-pairs (9) . These structures, stabilized mainly by stacking interactions within the helix, would thus be expected to generate no significant distortion in the DNA. It seems likely that these structures are not recognized by the repair enzymes, and are therefore left unrepaired.
The dissociation temperatures of 16-mer duplexes containing the above mismatches and mismatch analogues decrease in the order G/T > I/T > A/C > DI/T » N/C > Tu/C=DN/C (9). The efficiency of mismatch correction reported above was found to follow a similar order, stressing thus the importance of stable secondary mismatch structures in their recognition by the methylation-directed repair machinery of Ej. coli.
COHCLDSIOHS.
The results of the in vivo mismatch repair studies presented above suggest that the efficiency of repair of different mismatches, or, in our case, mismatch analogues, is largely determined by the extent of the DNA duplex distortion caused by the mismatch. Rigid, hydrogen-bonded structures, such as the mismatches G/T and A/C were repaired relatively efficiently. By contrast, non-paired mismatch analogues were presumably not recognized, and were therefore left largely uncorrected by the methylation-directed mismatch repair machinery of E. coli.
Future experiments, in which we shall study the binding of the purified E. coli repair proteins mutH, L and S to the synthetic duplexes containing the above-described mismatches, should substantiate our present findings.
